Nitric oxide (NO), an important effector molecule of the innate immune system, can also regulate adaptive immunity. In this study, the molecular effects of NO on the toll-like receptor signaling pathway were determined using interleukin-12 (IL-12) as an immunologically relevant target gene. The principal conclusion of these experiments is that NO inhibits IL-1 receptor-associated kinase (IRAK) activity and attenuates the molecular interaction between tumor necrosis factor receptor-associated factor-6 and IRAK. As a consequence, the NO donor S-nitroso-N-acetylpenicillamine ( 
(p35) subunit and a 40-kDa (p40) subunit, and plays a central role in the induction of a Th1 immune response. IL-12 is produced by macrophages and dendritic cells in response to infection with bacteria or exposure to bacterial constituents such as lipopolysaccharide (LPS) (2, 3) . IL-12 production and Th1 cells are required for cell-mediated immunity and host defense against intracellular microbes (4) , and overexpression of IL-12 has been implicated in the progression of chronic Th1-mediated inflammatory diseases like Crohn's disease and rheumatoid arthritis (5) .
IL-12 p40 and p35 are encoded by separate genes that form the biologically active p70 heterodimer (3, 6, 7) . IL-12 p40 mRNA is exclusively detected in cells that produce bioactive p70 and is strongly induced by intracellular bacteria and bacterial products (1) . For these reasons, studies of IL-12 transcriptional regulation have focused on the p40 gene. A cisacting element from Ϫ132 to Ϫ122 with respect to the transcription start site in the murine p40 promoter binds Rel family members and is important for the induction of promoter activity by bacterial products (8 -10) . Although expression of IL-12 p40 is a proximal event in the development of a Th1 immune response, the induction and, importantly, the inhibition of IL-12 gene expression are still not fully understood.
Nitric oxide (NO) regulates a wide range of biological activities in the nervous, vascular, and immune systems (11) (12) (13) . In activated macrophages, NO and its metabolites mediate a number of host defense functions that include anti-microbial and tumoricidal activity. Macrophages produce NO from Larginine after activation of the inducible form of nitric-oxide synthase (iNOS). iNOS has been identified in a wide variety of cell types, and its expression can be activated by many immune stimuli (14) . Due to its anti-microbial effects, NO is an important molecule of the innate immune system. Its role in regulating adaptive immune responses is less clear. Therefore, the purpose of this study is to determine whether NO may affect adaptive immune responses through a direct effect on IL-12 production by macrophages and dendritic cells.
We demonstrate that NO suppresses IL-12 p40 protein production, mRNA expression, and promoter activity in murine macrophages and dendritic cells. Splenocytes derived from iNOS-deficient mice produce increased IL-12 p40 protein and mRNA compared with wild type mice of the same strain. Downregulation of IL-12 by NO is independent of the effects of IL-10. NO inhibits TLR and IL-1 receptor-dependent signal transduction through inhibition of IRAK activity and consequent attenuation of the molecular interaction between TRAF6 and IRAK. Accordingly, NO inhibits NF-B DNA binding to the p40 promoter. These experiments suggest a role for NO in the regulation of Th1-type immunity through inhibition of IRAK activity, NF-B, and consequently IL-12.
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EXPERIMENTAL PROCEDURES
Plasmid Constructs-IL-12 p40 promoter fragments were inserted into the luciferase reporter vector pGL2B (Promega) as described previously (9) . A multimerized NF-B element luciferase reporter plasmid was obtained from Adrian Ting. The toll-like receptor (TLR) 2 expression plasmid was provided by Paul Godowski (15) , and hemagglutinin (HA)-tagged TLR4 was a gift of Felix Randow.
Cells Lines and Reagents-The human embryonic kidney 293T and the RAW 264.7 murine macrophage cell lines (American Type Culture Collection) were maintained in DMEM supplemented with 10% fetal bovine serum and penicillin-streptomycin. Lipopolysaccharide (LPS) from Salmonella enteriditis was purchased from Sigma. S-Nitroso-Nacetylpenicillamine (SNAP) and N G -monomethyl-L-arginine monoacetate salt (NMMA) were obtained from Calbiochem. Antibodies against IB, phospho-IB, ␤-actin, MyD88, TRAF6, p38 MAP kinase, and HA were purchased from Santa Cruz Biotechnology. An IRAK antibody that detects IRAK1 was obtained from Upstate Biotechnology, Inc. GM-CSF, IL-1␤, and IFN-␥ were purchased from PeproTech.
Isolation of Bone Marrow-derived Dendritic Cells and Macrophages and Splenocytes-C57BL/6 and IL-10-deficient (C57BL/6 background) (The Jackson Laboratories), and iNOS-deficient (C57BL/6 background) (from Anthony Bauer) mice raised and maintained under specific pathogen-free conditions were used to obtain splenocytes, macrophage, and dendritic cells at 7-10 weeks of age. Bone marrow-derived dendritic cells and macrophages were cultured from C57BL/6 mice as described previously (16, 17) . Mice were sacrificed and bone marrow (BM) cells harvested. At day 0, BM cells were seeded at 2 ϫ 10 6 per 100-mm dish in 10 ml of culture medium (RPMI 1640 supplemented with penicillin (100 units/ml), streptomycin (100 units/ml), L-glutamine, and 10% heatedinactivated fetal bovine serum) containing recombinant murine (rm) GM-CSF (20 ng/ml). At day 3, another 10 ml of culture medium containing rmGM-CSF (20 ng/ml) were added to the plates. At days 6 and 8, half of the culture supernatant was collected and centrifuged, and the cell pellet was resuspended in 10 ml of fresh culture medium containing rmGM-CSF. At day 10, cells were either used experimentally or cultured 4 more days to further reduce granulocyte contamination. At day 10, non-adherent cells were utilized to represent the dendritic cell population. For bone marrow-derived macrophage preparations, BM cells were incubated with rmGM-CSF (20 ng/ml) for 1 week, and adherent cells were collected. Spleens were harvested and minced between two glass slides. Spleen cells were passed through a 40-m nylon cell strainer into a 50-ml conical tube and spun at 1500 rpm for 5 min. RBCs were lysed by using 0.8% ammonium chloride. The cell pellet was washed twice. Spleen cells were seeded in 96-well plates, and the supernatants were used for assessing cytokine secretion. RNA was isolated using Trizol (Invitrogen).
Nitrite Determination-Nitrite concentration in culture, a measurement of NO synthesis, was assayed by a standard Griess reaction adapted to microplates, as described previously (36) . Griess reagent was prepared by mixing equal volumes of sulfanilamide (1.5% in 5% H 3 PO 4 ) and naphthylethylenediamine dihydrochloride (0.1% in H 2 O). A volume of 100 l of reagent was mixed with 100 l of supernatant and incubated at room temperature for 10 min. Absorbance of the chromophore formed was measured at 540 nm in an automated microplate reader. Nitrite was quantitated using NaNO 2 as a standard, and results were expressed as M nitrite.
Transfection-RAW 267.4 cells were transiently transfected using the Superfect reagent (Qiagen) by the described protocol with modifications. For each transfection, 2.5 g of plasmid was mixed with 100 l of DMEM (without serum and antibiotics) and 10 l of Superfect. The mixture was incubated at room temperature for 10 min and then 600 l of DMEM complete medium was added and immediately placed onto cells in 6-well plates. After incubation for 3-4 h at 37°C, the cells were washed with phosphate-buffered saline and split equally into 2 wells. One well was activated with LPS (5 g/ml) 24 h later. Twelve to eighteen hours after activation, cells were harvested in reporter lysis buffer (Promega). For luciferase activity analysis, 20 l of cell extract was used. Cells were co-transfected with a constitutively active HSP promoter-␤-galactosidase reporter plasmid to normalize each experiment for transfection efficiency, as described previously (9) .
Electrophoretic Mobility Shift Assays (EMSA)-RAW 264.7 cell nuclear extracts were prepared as described previously (9) . EMSA probes were made by annealing equal amounts of single-stranded oligonucleotides with 5Ј-GATC overhangs (Genosys Biotechnologies, Inc). 200 ng of annealed probe was labeled with [␣- 32 P]dGTP and [␣-32 P]dCTP by Klenow enzyme. Labeled probes were purified with Nuctrap purification columns (Roche Applied Science). Electrophoretic mobility shift assays were performed as described previously (18) , using 10 5 cpm probe and 5 g of nuclear extracts per reaction. Supershift experiments were performed as described previously (9) by using 2 l of antibodies to c-Rel, NF-B p50, and NF-B p65 (Santa Cruz Biotechnology). DNAbinding complexes were separated by 5% polyacrylamide/Tris glycine/ EDTA gel run at 4°C for 4 h at 150 V. Gels were dried and exposed to Kodak X-AR 5 film at Ϫ80°C in the presence of an intensifying screen.
IL-12 ELISA-Macrophages, dendritic cells, and splenocytes were activated with LPS (5 g/ml) plus IFN-␥ (10 ng/ml) for 24 h. IL-12 p40 protein in supernatants was measured by an IL-12 ELISA system (R & D Systems).
Western Immunoblots-Protein extracts and pre-stained molecular weight markers were denatured in Laemmli's buffer (10% glycerol, 2% SDS, 0.1 M dithiothreitol, 65 mM Tris) at 90°C, separated by SDS-PAGE, and transferred to nitrocellulose membranes. After protein transfer, membranes were blocked with 5% non-fat milk in TBST (Triton-containing Tris-buffered saline). The membranes were then incubated with anti-HA, anti-MyD88, anti-IRAK, or anti-TRAF6 (1:2000) antibodies for 1-2 h. After extensive washing with TBST, the membranes were incubated with anti-rabbit/anti-mouse IgG conjugated to peroxidase (1:1000) diluted with blocking solution. Immunoreactivity was then visualized by an enhanced chemiluminescence reaction (ECL kit, Santa Cruz Biotechnology).
Co-immunoprecipitation-RAW 264.7 cells were washed with cold phosphate-buffered saline and lysed for 15 min on ice in 0.5 ml of lysis buffer (50 mM Tris (pH 8.0), 280 mM NaCl, 0.5% Nonidet P-40, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, and 1 mM dithiothreitol) containing protease inhibitors. Cells lysates were clarified by centrifugation at 4°C for 15 min at 14,000 rpm. Lysates were incubated with 2 g of MyD88 or TRAF6 antibodies in the presence of 20 l of 50% (v/v) protein G-agarose overnight at 4°C with gentle rocking. After three washings with lysis buffer, precipitated complexes were solubilized by boiling in SDS buffer, fractionated by 10% SDS-PAGE, and transferred to nitrocellulose membranes. Western immunoblotting was performed using HA, IRAK, MyD88, and TRAF6 antibodies.
RNase Protection Assay-Twenty g of total RNA from primary cells or RAW 264.7 cells were analyzed by multiprobe RNase protection assay using the cytokine template set mCK-2b (Pharmingen). Riboprobes were synthesized with T7 RNA polymerase and hybridized with RNA at 56°C for 16 h. The samples were digested with RNase, purified by phenol-chloroform, and resolved by 6% denaturing PAGE.
Real Time RT-PCR-Fluorophore-labeled LUX primers (19) and their unlabeled counterparts were purchased from Invitrogen. LUX primers were designed utilizing a software program (LUX Designer) (www.invitrogen.com/lux). LUX primers were designed to produce amplicons ranging in size between 69 and 145 bp. Primer pairs for IL-12 p40 and GAPDH were selected to span an intron. The primer sequences for IL-12 p40 are LUX, 5Ј-GAACTTGTCAAAGGCTTCATCTGCAAG-TTC, and its unlabeled counterpart, 5Ј-GGAAGCACGGCAGCAGA-ATA, and for GAPDH are LUX, 5Ј-GACATACAGGCCGGTGCTGAGT-ATGTC and its unlabeled counterpart, 5Ј-GCGGAGATGATGACCCG-TTT. Total RNA (1 g) isolated from spleen cells was reversetranscribed (20-l reactions), and cDNA was used for fluorogenic primer PCR. Plots of fluorescence versus PCR cycle were generated by the ABI PRISM 7700 SDS software. The cycle thresholds (C T ), the cycle where the fluorescence rises above background (10 times the standard deviation of the background fluorescence), were between 15 and 35 cycles. Each 25-l PCR mix contained 4 l of cDNA, 1 l of each gene-specific primer, and 12.5 l of 2ϫ Platinum Quantitative PCR SuperMix-UDG (Invitrogen) (containing 60 units/ml Platinum TaqDNA polymerase, 40 mM Tris-HCl (pH 8.4), 100 mM KCl, 6 mM MgCl 2 , 400 M dGTP, 400 M dATP, 400 M dCTP, 800 M dUTP, 40 units/ml uracil DNA-glycolase, and stabilizers), 1 l of 1ϫ ROX reference dye, and 5.5 l diethyl pyrocarbonate-treated water. Reactions were incubated at 50°C for 2 min and 95°C for 2 min, and then cycled (45 times) at 95°C for 15 s and 60°C for 30 s. Reactions were conducted in a 96-well spectrofluorometric thermal cycler (ABI PRISM 7700 Sequence Detector System, Applied Biosystems). Fluorescence was monitored during every PCR cycle at the annealing or extension step and during the post-PCR temperature ramp. Quantification of IL-12 p40 mRNA was performed as a relative fold increase in transcript level with respect to unstimulated cells (3) . In this method, the amount of target is calculated based on the difference (⌬⌬C T ) between the average C T of each time point and the average C T of the unstimulated cells. Before subtraction, both C T values are normalized by subtracting the average C T of the endogenous reference gene, GAPDH, from each. The C T values for each set of replicates lay within 2 C T s of one another.
In Vitro Kinase Assays-RAW 264.7 cells were pretreated with SNAP (0.5 mM) for 2 h and activated with LPS for 10, 30, and 60 min. Cell lysates were prepared as described above. Endogenous p38 MAP kinase or IRAK were immunoprecipitated from 500 g of total cell extract using p38 or IRAK antibodies, respectively. After washing, immunoprecipitated p38 or IRAK were incubated in kinase buffer containing myelin basic protein (MBP) (p38 and IRAK) with [␥-32 P]ATP for 45 min. Supernatants were added to SDS-loading buffer, boiled, and fractionated by SDS-PAGE. Once completed, gels were processed and membranes exposed to Kodak AR5 film at Ϫ80°C in the presence of intensifying screen.
RESULTS

NO Inhibits IL-12 mRNA Expression and Protein Release in Primary Murine
Macrophages, Dendritic Cells, and a Macrophage Cell Line-To determine whether NO affects IL-12 expression, murine bone marrow-derived dendritic cells, bone marrow-derived macrophages, and the macrophage cell line RAW 264.7 were pretreated with the NO donor SNAP. Additionally, the NO inhibitor NMMA was used in these experiments. Cells were subsequently activated with IFN-␥ plus LPS for 4 (mRNA expression) or 24 h (protein determination). RNase protection assay was performed for the detection of IL-12 mRNA expression, whereas supernatants were collected for IL-12 p40 protein release (ELISA). SNAP inhibits both IL-12 p40 and p35 mRNA expression in primary murine macrophages and dendritic cells (Fig. 1A, upper and middle panel,  respectively) . In RAW 264.7 cells, SNAP inhibits IL-12 p40 mRNA expression (Fig. 1A, lower panel) . IL-12 p35 mRNA is barely detectable in activated RAW 264.7 cells, so effects of NO are difficult to assess (data not shown). Furthermore, SNAP inhibits IL-12 p40 protein release from bone marrow-derived macrophages (Fig. 1B) and dendritic cells (Fig. 1C) , as well as RAW 264.7 cells (data not shown).
To study the effects of endogenous NO on IL-12, splenocytes were obtained from iNOS-deficient mice and IL-12 p40 protein and mRNA expression compared with splenocytes obtained from wild type mice of the same strain. Cells were activated with LPS and/or IFN-␥ for 4 (mRNA expression) or 24 h (protein determination). In this experiment, IL-12 p40 mRNA accumulation was assayed by real time RT-PCR. Consistent with a previous study (20) , compared with wild type cells ( Fig.  2A) , iNOS-deficient cells demonstrate enhanced IL-12 p40 protein production particularly following activation with IFN-␥ plus LPS. LPS and IFN-␥ plus LPS IL-12 p40 mRNA expression were also markedly enhanced in iNOS-deficient splenocytes (Fig. 2B) . Measurements of nitrite accumulation in supernatants confirm that activated iNOS-deficient splenocytes produce undetectable levels of endogenous NO (data not shown). This result suggests that endogenously produced NO may suppress LPS-and IFN-␥ plus LPS-induced IL-12 p40 mRNA expression and protein release.
Down-regulation of IL-12
Expression by NO Is Independent of IL-10 -IL-10 is a potent inhibitor of IL-12 gene expression and protein production (21) . It is possible that down-regulation of IL-12 expression by NO is mediated through induction of IL-10. To address this question, bone marrow-derived macrophages were isolated from IL-10-deficient mice. SNAP significantly attenuates IL-12 protein release from IL-10-deficient macrophages (Fig. 3) , suggesting that this inhibition is independent of IL-10. Furthermore, in IFN-␥ plus LPS-activated wild type murine bone marrow-derived macrophages, SNAP inhibits IL-10 mRNA expression in a dose-dependent manner, although there are no significant changes in other cytokine mRNA levels (IL-1␣, IL-1␤, IL-1 receptor antagonist, IL-18; data not shown). Therefore, down-regulation of LPS-induced 
were pretreated with SNAP or NMMA for 2 h prior to LPS activation. SNAP inhibits LPS-induced IL-12 p40 promoter activity using reporter plasmids that both contain (Ϫ355 to ϩ55) and lack the NF-B site (Ϫ101 to ϩ55). Therefore, SNAP inhibits IL-12 p40 promoter activity (Fig. 4) and may act through mechanisms that both involve and are independent of NF-B.
NO Inhibits NF-B DNA Binding Activity-A critical cisacting element from Ϫ132 to Ϫ122 with respect to the transcription start site in the murine p40 promoter binds Rel family members and is important for the induction of promoter activity by bacterial products (8 -10) . Therefore, whether NO inhibits DNA binding of NF-B to this site on the IL-12 p40 promoter was addressed. EMSAs were performed using oligonucleotide probes specific for the NF-B element in the IL-12 p40 promoter. Using nuclear extracts from RAW 264.7 cells, SNAP reduces LPS-induced NF-B DNA binding (Fig.  5A ) in a dose-dependent manner. As a control, NO was demonstrated to have no effect on AP-1 DNA binding to the p40 promoter (data not shown). As described previously (9), the NF-B family members c-Rel, p50, and p65 bind to the IL-12 p40 promoter (Fig. 5B) . NO inhibits the lower EMSA complex, composed mainly of p50, as well as the upper complex that includes c-Rel and p65, suggesting that DNA binding of multiple NF-B family members is attenuated (Fig. 5B) . These results suggest that NF-B is a key transcription factor target mediating NO inhibition of IL-12 p40 promoter activity and gene expression.
NO Inhibits NF-B Reporter Activity and IB Phosphorylation-The toll-like receptor (TLR) family of pattern recognition receptors mediates inflammatory gene expression in macro-
phages and dendritic cells in response to a wide range of microbial determinants including LPS (22) . NF-B is the best described transcription factor target of the TLR signaling pathway. As NO abrogates LPS-induced NF-B DNA binding activity, it may directly inhibit the TLR signal transduction pathway. A multimerized NF-B DNA-binding element luciferase-reporter was transfected into RAW 264.7 cells. In cells pretreated with SNAP prior to activation with LPS, NF-B reporter activity is strongly reduced (Fig. 6A) . To confirm that the TLR signal transduction pathway is modulated by NO, IL-1-mediated signal transduction, which shares common downstream targets including NF-B, was next studied. An NF-B luciferase reporter was transfected into the human embryonal kidney 293T cell line, and the cells were activated with IL-1␤ in the presence of SNAP or NMMA. SNAP dose-dependently inhibits NF-B reporter activity induced by IL-1␤ (Fig.  6B) . Next, TLR2 was expressed in 293T cells, as described previously (15) , to confer responsiveness to LPS signaling, likely through contaminants in the LPS preparation. In this cell line model, SNAP inhibits LPS-induced, TLR2-dependent NF-B reporter activity in a dose-dependent manner (Fig. 6C) . Therefore, in 293T cells, IL-1 receptor (IL-1R), and TLR signal transduction is abrogated by NO.
Next, bone marrow-derived macrophages were pretreated with SNAP for 2 h and activated with LPS for 20 min. In whole cell extracts, LPS-induced IB phosphorylation is strongly reduced by SNAP (Fig. 6D) . However, total protein levels of IB were not altered (Fig. 6D) suggesting that NO inhibits IB phosphorylation. Thus, NO inhibits TLR signal transduction, resulting in decreased IB phosphorylation and decreased NF-B activation. As LPS specifically induces NF-B activation in murine macrophages through TLR4, most likely TLR4 is the relevant cell surface receptor for this phenomenon. 
NO Attenuates the Molecular Interaction of IRAK with
TRAF6 -LPS signaling through TLR4 utilizes an evolutionarily conserved signal transduction pathway that is common to the IL-1R. The IL-1 receptor-associated kinase (IRAK) is a downstream contributor to this pathway (23) . After activation with LPS, an intracellular adaptor molecule, MyD88, is recruited to the cytoplasmic tail of TLR4, providing a platform for IRAK. IRAK subsequently undergoes phosphorylation and interacts with TNF receptor-associated factor-6 (TRAF6), a downstream transducer required for NF-B activation. NO may affect any point along this cascade to inhibit IL-12 p40 expression. Therefore, RAW 264.7 cells were pretreated with SNAP for 2 h and then activated with LPS for 10, 30, and 60 min. Proteins were immunoprecipitated from whole cell extracts with TRAF6 and MyD88 antibodies, respectively, and immunoblotted with an IRAK antibody. The physical interaction between IRAK and TRAF6 is reduced in the presence of SNAP (Fig. 7A, 2nd panel, compare 2nd, 4th , and 6th lanes (ϪSNAP) with 3rd, 5th, and 7th lanes (ϩSNAP)). However, the interaction of IRAK with MyD88 is not affected (Fig. 7A, 1st panel, compare 2nd, 4th, and 6th lanes (ϪSNAP) with 3rd, 5th, and 7th lanes (ϩSNAP)). Furthermore, equivalent amounts of IRAK (Fig. 7A, 3rd panel) , MyD88 (Fig. 7A, 4th panel) , and TRAF6 (Fig. 7A, 5th panel) are present in whole cell extracts.
To determine whether NO inhibits formation of the TLR4-MyD88 complex, RAW 264.7 cells were transiently transfected with an HA-tagged TLR4 expression plasmid, pretreated with SNAP for 2 h, and then activated with LPS for 30 min. Transfection of an epitope-tagged TLR4 was utilized as several antibodies to murine TLR4 tested failed to detect endogenous TLR4 protein in Western immunoblot and immunoprecipitation experiments (data not shown). Proteins were immunoprecipitated from whole cell extracts with an anti-HA antibody and immunoblotted with a MyD88 antibody. This experiment demonstrates that formation of the TLR4-MyD88 complex is not inhibited by SNAP (Fig. 7B) . These results, taken together, suggest that NO directly inhibits a molecular association between IRAK and TRAF6.
We next asked whether IRAK activity may be directly inhibited by NO using an in vitro kinase assay. RAW 264.7 cells were pretreated with SNAP for 2 h and activated with LPS for 30 min. LPS strongly activates IRAK in RAW 264.7 cells (Fig.  6C, 3rd lane) and kinase activity, assessed by phosphorylation of the substrate MBP, is markedly abrogated by pretreatment with SNAP (Fig. 7C, 4th lane) . As a control, in vitro kinase assays show that SNAP does not affect MAP kinase p38 activity in LPS-activated RAW 264.7 cells (data not shown).
These results suggest that inhibition of IL-12 p40 gene expression and NF-B activation by NO occur mainly through inhibition of signaling through the TLR/IL-1R pathway. The molecular mechanism for this phenomenon involves attenuation of IRAK activity with the consequent disruption of the molecular interaction between IRAK and TRAF6.
DISCUSSION
This study describes mechanisms of inhibition of IL-12 by the innate immune effector NO in murine dendritic cells and macrophages. NO inhibits LPS-induced IL-12 p40 gene expression and promoter activity by attenuating NF-B DNA binding. The principal conclusion of these experiments is that NO inhibits IRAK activity.
NO has a wide range of effects in the immune system (14) . It has been reported that NO inhibited IL-12 synthesis from murine peritoneal macrophages (20) . However, molecular FIG. 4 . NO inhibits LPS-induced IL-12 p40 promoter activity. RAW 264.7 cells were transfected with IL-12 p40 promoter-luciferase reporter plasmids: Ϫ355 to ϩ55 with respect to the transcription start site, and the deleted Ϫ101 to ϩ55 construct that lacks an NF-B site. Cells were co-transfected with an HSP promoter-␤-galactosidase reporter plasmid to assess transfection efficiency. The transfected cells were pretreated with SNAP (0.5 mM) or NMMA (1 mM) for 2 h and then activated with LPS (5 g/ml) for 12 h, as indicated in the figure. Results (relative light units normalized for ␤-galactosidase activity) are expressed as the percentage of the LPS-activated signal for the respective p40 promoter plasmid. Each result represents the means Ϯ S.D. of data from four to five experiments.
FIG. 5. NO inhibits LPS-inducible NF-B binding to the IL-12 p40 promoter element.
A, RAW 264.7 cells were pretreated with SNAP at different concentrations (100 -1000 M) for 2 h and activated with LPS (5 g/ml) for 4 h, as indicated. Nuclear extracts from unactivated RAW 264.7 cells and cells activated with LPS ϩ SNAP were added to an electrophoretic mobility shift probe that spans the IL-12 p40 NF-B element (9). 32 P-Labeled probes were incubated with 0.5 g of poly(dI-dC) and 5 g of nuclear extract at room temperature for 30 min. EMSA complexes were resolved by Tris-glycine EDTA, 4% PAGE. The results are representative of four independent experiments. B, for supershift analysis, EMSA was performed as above except that 2 l of specific antibody (Ab) to c-Rel, NF-B p65, and NF-B p50 (as indicated above the respective lanes) were added to nuclear extracts from LPSactivated RAW 264.7 cells for 30 min at room temperature prior to addition of the radiolabeled probe. Arrows to the right of the figure denote supershifted DNA binding complexes. The results are representative of three independent experiments. mechanisms for this phenomenon have not been elucidated. To substantiate the in vivo relevance of this phenomenon, we have confirmed a previous finding (20) that cells from iNOS-deficient mice make more IL-12 p40 protein than wild type mice following LPS and LPS plus IFN-␥ activation. This observation is extended by demonstrating a marked augmentation in LPS plus IFN-␥-induced IL-12 p40 mRNA accumulation in iNOSdeficient splenocytes.
The TLR family of pattern recognition receptors mediates signal transduction and pro-inflammatory gene expression by a wide range of microbial determinants. LPS signals in macrophages and dendritic cells through TLR4. In our previous study, dominant negative signal transduction molecules downstream of TLRs (MyD88, IRAK, and TRAF6) inhibited LPSinduced activity of the IL-12 p40 promoter in RAW 264.7 cells (18) . In the present study, NO inhibited IRAK activity and disrupted the interaction of IRAK with TRAF6 in activated macrophages. In the 293T cell line, SNAP inhibited both IL-1␤ and LPS-induced NF-B activities. These data support the hypothesis that NO can disrupt both IL-1 and LPS signal pathway by inhibiting IRAK activity. How NO specifically inhibits IRAK activation and blocks the interaction of IRAK with TRAF6 is a topic of future interest. One plausible hypothesis is raised by the description of the macrophage-specific inactive kinase, IRAK-M. IRAK-M negatively regulates TLR signaling through preventing the dissociation of IRAK from MyD88 and inhibiting formation of the IRAK-TRAF6 complex (24) . Thus, up-regulation of IRAK-M by NO could potentially explain the current findings.
As a consequence of IRAK inhibition, LPS-induced IB phosphorylation and NF-B reporter activity were strongly reduced by NO. Previous studies have shown that NO donor agents suppressed NF-B activation in human endothelial cells by increasing the level of IB (25) . However, in another system, NO activated NF-B in human peripheral blood mononuclear cells (26) . The reasons for these differences are unclear. Perhaps cell type-specific and species-specific effects of NO explain the discrepant findings.
A systematic analysis of the murine IL-12 p40 promoter has been performed, providing a detailed understanding of the regulation of IL-12 p40 gene expression by bacterial products. In the present study, LPS-induced IL-12 p40 promoter activity Bone marrow-derived macrophages were pretreated with SNAP (0.5 mM) for 2 h and activated with LPS (5 g/ml) for 20 min. Twenty g of whole cell protein extract was loaded onto a 10% SDS-PAGE gel and transferred to nitrocellulose membranes. Western immunoblotting was performed using a specific antibody for phosphorylated IB (top panel) and compared with an antibody that recognizes total IB (middle panel). As a control for total protein, samples were immunoblotted with an antibody for ␤-actin (lower panel). The results are representative of three independent experiments. was strongly inhibited by NO. The inhibitory effect was demonstrable even with a minimal inducible IL-12 p40 promoter containing a C/EBP and AP-1 element but lacking an NF-B site (18) . Although this study had focused upon NO-induced inhibition of NF-B activation, these results also suggest that there may be NF-B-independent pathways through which NO may inhibit IL-12 p40 transcription. There is a selective requirement for the NF-B family member c-Rel in IL-12 p40 gene expression. Alterations in the ratios of NF-B family members (27) may explain a phenomena observed in this study; NO profoundly inhibited IL-12 p40 expression, but other cytokines that are regulated through NF-B, such as IL-1 receptor antagonist (28) , were induced normally (data not shown). Activation of NF-B has been well described through MyD88-independent signal transduction pathways (29) , which may also explain why all NF-B-regulated genes are not inhibited by NO to the same extent or with the same kinetics as IL-12 p40. Differential effects of NO on specific NF-B family members and on MyD88-independent signal transduction pathways have not yet been determined.
Our results indicate that NO, an effector molecule for innate immunity, can deactivate the TLR signaling pathway, which results in the down-regulation of IL-12 release from antigenpresenting cells. The significance of this finding may be that during the late stages of infection with intracellular pathogens, NO could dampen the Th1 immune response through inhibition of IL-12, thus preventing excessive tissue damage to the host. However, in vivo, the effects of NO on adaptive immunity and inflammation are more complicated to assess (14) . NO may have both deleterious and protective effects on different cell types during inflammation. However, the preponderance of experimental evidence suggests that NO can inhibit inflammatory Th1 responses. As NO has been shown to block T cell proliferation without affecting cytokine production (30, 31) , it may inhibit a Th1 immune response at the level of the antigenpresenting cell. For example, in iNOS-deficient mice infected with herpes simplex virus, increased IL-12 production was detected compared with similarly infected heterozygous mice (32) . Furthermore, exogenous NO inhibited the development of experimental autoimmune uveoretinitis in rats through inhibition of Th1 cells (33) . In experimental autoimmune encephalomyelitis, disease was exacerbated in iNOS-deficient mice, indicating that NO can inhibit Th1 immune deviation in vivo (34) . Conversely, there are also experimental systems that implicate NO in the induction of a Th1 response, for example by up-regulating IL-12 ␤2 receptor expression on T cells (35) .
In conclusion, this study demonstrates that NO inhibits IL-12 p40 protein production, mRNA accumulation, and promoter activation in murine macrophages and dendritic cells. At the molecular level, NO inhibits IRAK activation through the TLR/IL-1R pathways, with consequent NF-B inhibition. These findings provide an example of how an innate immune effector, NO, may have a profound effect on adaptive immunity through the regulation of IL-12.
FIG. 7. NO attenuates IRAK activation and the interaction of IRAK with TRAF6 induced by LPS.
A, RAW 264.7 cells were pretreated with SNAP (0.5 mM) for 2 h and activated with LPS for 10, 30, and 60 min, as indicated in the figure. 500 g of total cellular protein was precipitated with MyD88 and TRAF6 antibodies, respectively. The immunoprecipitates (IP) were loaded onto a 10% SDS-PAGE gel, transferred to a nitrocellulose membrane, and immunoblotted (IB) with IRAK antibody. For Western immunoblotting experiments, 30 g of protein was loaded to 10% SDS-PAGE gel, and blotting was performed using IRAK, MyD88, and TRAF6 antibodies. An attenuated interaction between IRAK and TRAF6 in extracts from SNAP-treated cells is evident in 3rd, 5th, and 7th lanes. B, to demonstrate that NO does not abrogate formation of the TLR4-MyD88 complex, RAW 264.7 cells were transiently transfected with an HA-tagged TLR4 expression plasmid, pretreated with SNAP (0.5 mM) for 2 h, and activated with LPS for 30 min. 500 g of total cellular protein was precipitated with anti-HA antibody. Immunoprecipitates were loaded on to a 10% SDS-PAGE gel, transferred to a nitrocellulose membrane, and immunoblotted with MyD88 antibody. For Western immunoblotting experiments, 30 g of protein was loaded to 10% SDS-PAGE gel, and blotting was performed using MyD88 antibody. Each result is representative of three independent experiments. C, RAW 264.7 cells were pretreated with SNAP (0.5 mM) for 2 h and activated with LPS (5 g/ml) for 30 min. Endogenous IRAK was immunoprecipitated from 500 g of total cell protein extracts using an IRAK antibody. After washing, immunoprecipitated IRAK was incubated in kinase buffer containing MBP with [␥-32 P]ATP for 45 min. Supernatants were added to SDS-loading buffer, boiled, and fractionated by SDS-PAGE. This result is representative of those obtained from three independent experiments.
